The composting potential of two epigeic earthworms (P. excavatus and P. sansibaricus) was studied in 2002 to breakdown the domestic waste under laboratory conditions. The experimental container with P. sansibaricus showed maximum mineralization and decomposition rate than that of P. excavatus. Except for exchangeable K (it was higher (P = 0.004) in a container with P. excavatus), the domestic waste processed by P. sansibaricus showed about 6% more total nitrogen (P = 0.002) and about 7% more available P (P = 0.269) at the end than by P. excavatus. As compared with the initial level organic C content as well as C:N ratio showed a considerable reduction that was noted higher in substrate with P. sansibaricus than those by P. excavatus (organic C, t-test: P = 0.870; C:N ratio, t-test: P = 0.002). The growth (biomass increase) and reproduction parameters such as mean individual live weight, maximum individual growth rate (mg wt./worm/day), number of cocoons and reproduction rate (cocoon/worm/day) were higher in bedding with P. sansibaricus. The maximum earthworm mortality was in vermibed having P. sansibaricus (∼50% higher than by P. excavatus) (t-test: P = 0.423), since both species did not show a drastic difference in waste mineralization rate, but comparatively, P. excavatus exhibited better growth and reproduction performance, which further support the suitability of the species for large scale vermiculture operations.
INTRODUCTION
Vermicomposting is an eco-biotechnological process that transforms energy-rich and complex organic substances into stabilized humus-like product vermicompost. Benitez, et al., (1999) concluded that in vermicomposting process, inoculated earthworm maintains aerobic condition in the organic wastes, converts a portion of the organic material into worm biomass and respiration products and expels the remaining partially stabilized product, since the potential of some epigeic earthworm to recycle organic waste materials into value-added products is well documented (Kale, et al., 1982; Elvira, et al., 1998; Manna, et al., 2003; Garg and Kaushik, 2005; Garg, et al., 2006; Suthar, 2006 and 2007a) . The end product, i.e. vermicompost is considered as an excellent product, since it is homogenous, has desirable aesthetics, has reduced levels of contaminants and tends to hold more nutrients over a longer period with out impacting th e environment. Rapid ur banization resulted in an ever-increasing accumulation of urban solid waste. In India, domestic waste is mostly of organic nature and contributes 70-80% to the total solid urban waste. However, it can be used as a potential resource for transformation from expensive disposal problem to stabilized vermicompost production for sustainable land restoration practices. Some epigeic earthworms: Lumbricus terrestris, Eisenia fetida, E. andrei, Eudrilus eugeniae and Perionyx excavatus have been appeared as key sources to combat the problems of organic waste disposal on a low-input basis (Kale, et al., 1982; Butt, 1993; Elvira, et al., 1998; Dominguez, et al., 2001; Garg and Kaushik, 2005; Suthar, 2006) . Recently, Suthar (2007a and c) demonstrated the potential of a new species, i.e. P. sansibaricus, for waste decomposition operations. However, P. excavatus and P. sansibaricus are considered as endemic to Indian soils and are commonly distributed in many natural soil ecosystems. However, the waste decomposition efficiency of P. excavatus is well documented in literature (Kale, et al., 1982; Edwards, et al., 1998; Suthar, 2006; Suthar, 2007b) . But little is known about the composting use of P. sansibaricus. Therefore, to establish the use of this species for vermicomposting operations, much work is still required, since both species of genus Perionyx have distinct morphological characteristics and also possibly waste degradation patterns though they may later enquire much experimental confirmation. However, comparative studies on composting efficiencies on these species still need richer literature. The comparison of the composting efficiency can be performed by using a common substrate for both species. In most of the previous studies on P. excavatus, cattle dung and/or plant-derived wastes were used as substrate material in vermicomposting experiments (Kale, et al., 1982; Edwards, et al., 1998; Manna, et al., 2003; Suthar, 2006; Suthar, 2007 b) . In this study, efforts have been made to compare the composting potential of P. excavatus and P. sansibaricus by using a common substrate or culture material such as household waste that had not been explored extensively in previous studies.
MATERIALS AND METHODS
The domestic waste (household waste) was collected locally from randomly selected residential houses of municipal territory of the study area. The cow dung, having the characteristics of pH 7.83, organic C 298.23 g/kg, total N 5.72 g/kg, available P 2.35 g/kg, exchangeable K 5.68 g/kg and C:N ratio 52.19, was procured from a local cowshed. The waste was collected in large-sized plastic circular pot containers and was brought to laboratory. The nonrecyclable items such as plastic, rubber, polythene bags, wood, cardboard and glass were separated through hand sorting from collected domestic waste. P. excavatus used in this study was obtained from Prof. Radha D. Kale, University of Agriculture Science, Bangalore. Another used species, i.e. P. sansibaricus (Perrier), was obtained from stock culture maintained in laboratory, originally collected from a local sewage soil. The waste material used in this experiment was dried at 60°C and chopped into small pieces. The dried waste was mixed with amendment material, i.e. cow dung in 2:1 ratio (dry weight proportion in plastic containers). The mixture of domestic waste and cow dung in container served as bedding as well as feed for worms. Plastic circular containers (28 cm diameter and 30 cm in depth) with pierced lids for aeration were used for vermicomposting experiments. Experimental beddings were kept in triplicate for each tested earthworm species and another triplicate for each earthworm without earthworms served as the experimental control. All beddings were kept for 2 weeks prior to the experimentation for thermal stabilization, initiation of microbial degradation and softening of waste. Twenty-four-week old clitellated individuals of each species: P. excavatus and P. sansibaricus (having individual live weight » 252 -254 mg) were collected from the stock culture and released into different containers containing 750 g (on dry weight basis) of substrate material. The moisture level of substrates was maintained around 65-70% throughout the study period by periodic sprinkling of adequate quantity of tap water. Containers were placed in a humid and dark room at a temperature of 28.2 ± 0.25 °C (mean ± SEm of temperature recorded during the experimental duration). The growth and cocoon production by earthworm was measured in each experimental container. Earthworms and cocoon, which were produced during the experiment, were separated from the substrate material by hand sorting after which worms were washed in tap water to remove the adhering material from their bodies and subsequently weighed on live weight basis. Then all measured earthworms were returned to the concerned container. Separated cocoon were counted and introduced in separate bedding containing the same material in which their parents were reared. On the basis of the obtained data about the biomass and cocoon numbers, other parameters of earthworm such as biomass increase rate (mg/day), maximum weight achieved and reproduction rate (cocoon/ worm/ day) were produced with the help of the recorded data for different treatments. The homogenized sub-samples of the substrate material (10 g dry weight basis) were collected the days 0, 30, 60, 90, 120 and 150 from each experimental container and they were analyzed for organic C (Walkley and Black, 1934) , total Kjeldahl nitrogen (TKN) (Jackson, 1973) , available P (Anderson and Ingram, 1993) and exchangeable K (Simard, 1993 ). The C: N ratio was calculated from the measured values of C and N. Paired sample t-tests were performed to identify the significant difference between experimental beddings for both species in respect to the chemical parameters of the end product (vermicompost) and earthworm growth parameters (earthworm weight gain, individual growth rate, total cocoons numbers, reproduction rate, total mortality, etc.). Table 1 shows the values of ready vermicompost prepared from domestic waste. Data clearly indicated that inoculation of earthworm in domestic waste caused significant changes in the chemical composition of waste. The pH values were lower in vermicompost than the initial material and a reduction was recorded between the ranges of 11.3 and 13.2%. Organic C showed a significant (P <0.05) loss, i.e. 36.8% (P. excavatus) and 37.2% (P. sansibaricus) in vermibeds by the end of the experiment (Table 1 ), but the difference in both species for organic C content reduction was not statistically significant (t-test: P = 0.764). Total k j e l d a h l n i t r o g e n content increased between 85.0 (P. excavatus) and 95.6% (P. sansibaricus) in the studied substrates by the end of the experiment (Table 1) . As compared with the control beddings, the earthworm showed 1.6-1.7 fold increment in the total N content. However, P. sansibaricus showed ~6% more TKN in vermicomposted material than the material processed by P. excavatus (t-test; P = 0.002). The available P was also higher in the end product (vermicompost) as compared to the initial feed mixture. The vermicompost, prepared by P. excavatus and P. sansibaricus, respectively showed 103.0 and 110.3% more P content than the initial material (Table   1) . Comparatively, P. sansibaricus showed ~ 6% more concentration of the available P than P. excavatus in the end product (vermicompost), but the difference was not found statistically significant (t-test; P = 0.269) ( Table 1) . Exchangeable K was also higher in the vermicomposted material by the end of the experiment. The highest increase in the potassium content was in the vermibeds processed by P. excavatus (89% higher than initial concentration), which is slightly higher (t-test: P = 0.004) than those by P. sansibaricus (86.1% more than initial). The C:N ratio indicates the compost maturity as well as quality.
RESULTS AND DISCUSSION
In this study, the C:N ratio of the vermicomposted material was lower than the initial feed mixture and the h igh est r eduction was in vermicompost processed by P. sansibaricus (67.7%). The difference in the C:N ratio significantly varied between the treatments (P = 0.002). The growth and reproduction performance of composting earthworms was also evaluated during the experimentation. As summarized in Table 2 , earthworm showed a considerable increase in individual live weight. The maximum individual live weight differed significantly (t-test: P <0.01) between the studied species. P. excavatus and P. sansibaricus reached their maximum individual live weights after 90 days (560.33 ± 16.44 mg) and 120 days (526.0±11.27 mg), respectively. The maximum weight gain was followed by weight loss by the end of the experiment (Fig. 1) Table: 2 Biological productivity of earthworms in waste decomposing system (mean ± SD, n = 3) Fig. 1 : The growth and cocoon production rate As data indicate, P. sansibaricus showed ~ 12% more weight gain than P. excavatus (t = 10.36, P <0.001). Comparatively, P. excavatus showed more individual growth rate (mg/worm/day) 3.40 ± 0.15 in household waste, but it was not found statistically different from those by P. sansibaricus (2.28 ± 0.11) (t = 2.75, P > 0.05) ( Table 2 ). The cocoon production between P. excavatus and P. sansibaricus also varied statistically (t-test: P < 0.05). P. excavatus showed more cocoon numbers (358.67 ± 8.02), about 111% more than those by P. sansibaricus ( Table 2 ). The reproduction rate (cocoon/worm/day) was also found at its maximum in P. excavatus (0.13 ± 0.005) and it was significantly more than that by P. sansibaricus (0.06 ± 0.007) (t-test: P > 0.05). The cocoon rate (cocoon/worm) was much better in P. excavatus than P. sansibaricus (Table 2) . However, the peak of cocoon rate followed by a drastic decline in both species after 90 days of experimentation (Fig. 2) . During composting P. sansibaricus showed the maximum mortality rate. However, the observed difference in both species of worm for mortality was not found significant (t-test: P <0.05).
The vermicomposting process refers to earthworms feeding on organic matter and microbial degradation. In a vermicomposting process, inoculated earthworms maintain aerobic condition in the wastes, convert a portion of the organic material into worm biomass and respiration products and expel the remaining partially stabilized product (vermicompost). In this study, a reduction in the pH of waste was recorded in the end. The variability in pH could be due to the production of CO 2 and organic acids during organic wastes decomposition. Haimi and Huhta, (1986) during their study on the vermicomposting of some organic residues concluded that the lower pH in the end product (vermicompost) might have been due to the production of CO 2 and organic acids by microbial decomposition during the process of bioconversion of different substrates in the beds. According to Ndegwa, et al., (2000) , the shifting of pH to lower levels could be attributed to mineralization of nitrogen and orthophosphates and bioconversion of organic materials into intermediate species of the organic acids. However, the difference between the pH values of the vermicompost, prepared by P. excavatus and P. sansibaricus, could be related to the species-specific difference in their mineralization efficiency although it requires more elaborative study for confirmation.
In general, an organic C loss has been observed during the vermicomposting process (Kale, et al., 1982; Garg and Kaushik, 2005; Suthar, 2007a) . Earthworm modifies substrate conditions, which consequently affects carbon losses from the substrates through microbial respiration in the form of CO 2 and even through mineralization of organic matter. Elvira, et al., (1998) stated that a large fraction of organic matter in the initial substrates was lost as CO 2 (between 20 and 43% as total organic carbon) by the end of the vermicomposting period. The vermicomposted material had a greater nitrogen content. The inoculation of worms in waste material considerably enhances the amount of N due to earthworm mediated nitrogen mineralization of wastes. It also suggested that the earthworm also enhances the nitrogen levels of the substrate by adding their excretory products, mucus, body fluid, enzymes and even through the decaying tissues of dead worms in vermicomposting sub-system (Suthar, 2007a) . The vermicompost prepared by both earthworm species showed a considerable difference for total N content. The observed difference could be attributed directly to the feeding preferences of individual earthworm species and indirectly to mutualistic relationship between ingested microorganisms and intestinal mucus which might be species-specific. The enhanced P level in ready vermicompost suggests phosphorous mineralization during vermicomposting process. Lee, (1992) suggests that the passage of organic matter through the gut of earthworm's results in phosphorus is converted to forms, which are more available to plants. The release of phosphorous in the available form is performed par tly by ear thworm gut phosphatases and further release of P might be attributed to the P-solubilizing microorganisms present in worm casts. Le Bayon and Binet, (2006) concluded that the impact produced by earthworm on P biogeochemical transformations in the soil depends on the close relationship between the properties of the organic P source and the specific burrowing behaviour and food preferences of worms. Some previous studies also indicate enhanced potassium content in vermicompost by the end of the experiment (Manna, et al., 2003; Suthar, 2007a) . The results obtained in this study are similar to those by Delgado, et al., (1995) , who demonstrated higher potassium concentration in the end product prepared from sewage sludge. The C:N ratio of the substrate material reflects the organic waste mineralization and stabilization during the process of composting or vermicomposting. The lowest C:N ratio in P. sansibaricus processed material indicates that this species enhances the organic matter mineralization more efficiently than P. excavatus. The loss of carbon as carbon dioxide through microbial respiration and simultaneous addition of nitrogen by worms in the form of mucus and nitrogenous excretory material lowered the C:N ratio of the substrate (Suthar, 2007a) . Inoculated worms showed a significant growth rate and reproduction activities when introduced into wastes for long durations. Earthworm attained the peak of their individual after a certain duration which followed a decline by the end of the experiment. Neuhauser, et al., (1988) have reported a similar trend in weight loss in E. fetida for a longer exposure duration in treated sludge. This was correlated with the conversion of most of the used substrate to vermicompost, which cannot further support their growth. A similar trend of weight loss has been also reported by Suthar, (2007b) for P. excavatus, while using a variety of waste materials. The maximum growth rates of each one was calculated by taking the maximum weight gain achieved by earthworm, subtracting the initial mean individual weight and dividing the weight increase by the number of days needed to reach the maximum weight (Edwards, et al., 1998) . Edwards, et al., (1998) studied the growth patterns of P. excavatus on the separated cattle solids and reported the range of growth rate between 0.6 (mg/worm/day) and 7.6 (mg/worm/day/) (25-30 °C). Recently, Suthar, (2007b) reported a maximum growth rate (mg/worm/day) by P. excavatus between the range of 3.69 ± 0.08 -2.35 ± 0.16 on different feed mixtures (crop residue mixed with cattle solids, farm yard manure and municipal solid waste etc). The difference between the present and past studies (Kale, et al., 1982; Reinecke, et al., 1992; Edwards, et al., 1998; Suthar, 2007a and b) on the maximum weight increase and growth rate in composting earthworm could be due to the difference in substrate quality or due to fluctuating environmental conditions. Moreover, it is also concluded that the observed difference between P. sansibaricus and P. excavatus for growth rate was due to the species-specific growth patterns or could be related to the feed preferences by individual earthworm species. Recently, Suthar, (2007a and c) demonstrated th e growth and reproduction performance of P. sansibaricus on a variety of organic wastes. He reported the cocoon rate (cocoon/worm) between the ranges of 2.16 ± 0.18 and 3.99 ± 0.25. However, the cocoon rate by P. sansibaricus in this study is much better (Table 2 ) than the previous report (Suthar, 2006) . Similarly, in the previous reports, the cocoon reproduction rate for P. excavatus has been described differently, e.g. 0.15 cocoons/worm/day at 25 °C on cattle solids (Kale, et al., 1982) , 0.33 cocoons/ worm/day at 25 °C and 0.12 cocoons/worm/day at 25-37 °C on cattle solids (Reinecke, et al., 1992) , 0.82 and 0.29 cocoons/worm/day respectively at 25 and 30°C on cattle solids (Edwards, et al., 1998) and between 0.15 (in farmyard manure) and 0.23 (in mixed crop residue mixed with cow dung in 1:1 ratio) at 29.4 °C (Suthar, 2007b) .
In most of the previous studies, cattle dung and plant-derived waste were used as a substrate, whereas in the present study, a different type of organic waste has been used. Therefore, the differences in the present and past results could be related to the nature of the feed material or to any environmental variable. Suthar, (2007a) demonstrated that P. sansibaricus showed a better weight gain as well as reproduction performance beddings that contained more nitrogen contents. Therefore, the difference might be due to substrate chemistry or due to species-specific feeding behaviour or both. Earthworm mortality appears as a major problem during the vermicomposting of such types of organic wastes. However, the degradation pr obably caused drastic changes in some environmental characteristics of decomposing vermibeds. The changed condition influences the survival rate of the worms.
The difference in worm mortality between the studied species could be related to the speciesspecific composting behaviour or to specific tolerance nature of earthworm for changing microenvironment in composting sub-system. This paper provides information on the comparative biology and composting efficiency of two commonly distributed tropical earthworm, i.e. P. excavatus and P. sansibaricus. All in all, P. excavatus appeared as more efficient than P. sansibaricus in terms of organic waste mineralization. The growth and reproduction performance was also noted better in P. excavatus. The observed difference between P. sansibaricus and P. excavatus for their growths, reproduction efficiencies and composting potentials could be a species-specific character, or it could be related to the quality of the substrate used for their culture. This study clearly indicates that vermicomposting of domestic waste could be an effective technology to convert the negligible resource into some value-added products, e.g. vermicomposts and earthworms on a low-input basis.
